High-density lipoprotein (HDL) metabolism was studied in eight sedentary men before and after 14 and 32-48 weeks of exercise training. Subjects rode stationary bicycles 1 hour daily, 5 days each week for 14 weeks (n = 8), and 4 days each week thereafter for a total of 32-48 weeks (n = 7) of training. HDL metabolism was assessed with "1I-radiolabeled autologous HDL while subjects consumed defined diets. Maximal oxygen uptake increased 26± 7% (p<O.001) after 14 weeks but did not increase further with more prolonged training. Body weight and estimated body fat did not change. HDL cholesterol increased 5± 3 mg/dl, and triglycerides decreased 19±23 mg/dl after 14 weeks (p<0.025 for both), but there were no additional changes with continued training. Postheparin plasma lipoprotein lipase activity was 22% higher than baseline activity after both 14 (p<0.025) and 32 or more weeks of exercise. In contrast, hepatic triglyceride lipase activity was 16 + 8% and 15 ± 8% lower than baseline at each measurement (p<0.005 for both). The disappearance rate of triglycerides after an intravenously administered fat solution was 24±24% higher at 14 weeks and 49±18% (p<0.005) higher after more prolonged training. Total and low-density lipoprotein cholesterol and apolipoprotein A-I and A-II concentrations at the end of study were not different from initial values . Plasma volume was 8% above initial values at both post-training measurements. The biological half-life of apolipoprotein A-I was unchanged at 14 weeks but was 10±13% longer (p = 0.07) and increased in all but one subject at the end of the study. Half-life for apolipoprotein A-II was 8±8% (p-0.031) and 11±14% (p=O.06) above baseline at 14 and 32 or more weeks, respectively. The synthetic rates for apolipoproteins A-I and A-II were not different from baseline values at 32-48 weeks. We conclude that 8-11 months of exercise training in previously sedentary men enhances fat tolerance and increases HDL cholesterol concentrations by prolonging HDL survival. The changes in HDL apolipoprotein survival, however, do not approximate the differences previously noted between elite endurance athletes and sedentary men. Changes in HDL cholesterol concentration were not large and suggest that the potehitial for exercise-related changes in HDL may be modest in many subjects. (Circulation 1988;78:25-34) Average high-density lipoprotein (HDL) cholesterol concentrations of endurance athletes are 10-24 mg/dl higher than those of sedentary individuals. 1-3 Using radiolabeled autol-ogous HDL, we recently compared HDL apolipoprotein metabolism in distance runners and physically inactive controls. These studies demonstrated that reduced HDL catabolism was primarily responsible for the runners' elevated HDL levels.3 The HDL catabolic rate was 27% lower in the runners, whereas HDL synthetic rates were similar in the physically active and inactive men. The present study was designed to determine whether exercise training increases HDL apolipoprotein survival in previously sedentary men and to explore the mechanisms mediating metabolic changes. We also examined the effect of the duration of training on HDL metabolism.
High-density lipoprotein (HDL) metabolism was studied in eight sedentary men before and after 14 and 32-48 weeks of exercise training. Subjects rode stationary bicycles 1 hour daily, 5 days each week for 14 weeks (n = 8), and 4 days each week thereafter for a total of 32-48 weeks (n = 7) of training. HDL metabolism was assessed with "1I-radiolabeled autologous HDL while subjects consumed defined diets. Maximal oxygen uptake increased 26± 7% (p<O.001) after 14 weeks but did not increase further with more prolonged training. Body weight and estimated body fat did not change. HDL cholesterol increased 5± 3 mg/dl, and triglycerides decreased 19±23 mg/dl after 14 weeks (p<0.025 for both), but there were no additional changes with continued training. Postheparin plasma lipoprotein lipase activity was 22% higher than baseline activity after both 14 (p<0.025) and 32 or more weeks of exercise. In contrast, hepatic triglyceride lipase activity was 16 + 8% and 15 ± 8% lower than baseline at each measurement (p<0.005 for both). The disappearance rate of triglycerides after an intravenously administered fat solution was 24±24% higher at 14 weeks and 49±18% (p<0.005) higher after more prolonged training. Total and low-density lipoprotein cholesterol and apolipoprotein A-I and A-II concentrations at the end of study were not different from initial values . Plasma volume was 8% above initial values at both post-training measurements. The biological half-life of apolipoprotein A-I was unchanged at 14 weeks but was 10±13% longer (p = 0.07) and increased in all but one subject at the end of the study. Half-life for apolipoprotein A-II was 8±8% (p-0.031) and 11±14% (p=O.06) above baseline at 14 and 32 or more weeks, respectively. The synthetic rates for apolipoproteins A-I and A-II were not different from baseline values at 32-48 weeks. We conclude that 8-11 months of exercise training in previously sedentary men enhances fat tolerance and increases HDL cholesterol concentrations by prolonging HDL survival. The changes in HDL apolipoprotein survival, however, do not approximate the differences previously noted between elite endurance athletes and sedentary men. Changes in HDL cholesterol concentration were not large and suggest that the potehitial for exercise-related changes in HDL may be modest in many subjects. (Circulation 1988;78: [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Average high-density lipoprotein (HDL) cholesterol concentrations of endurance athletes are 10-24 mg/dl higher than those of sedentary individuals. [1] [2] [3] Using radiolabeled autol-ogous HDL, we recently compared HDL apolipoprotein metabolism in distance runners and physically inactive controls. These studies demonstrated that reduced HDL catabolism was primarily responsible for the runners' elevated HDL levels.3 The HDL catabolic rate was 27% lower in the runners, whereas HDL synthetic rates were similar in the physically active and inactive men. The present study was designed to determine whether exercise training increases HDL apolipoprotein survival in previously sedentary men and to explore the mechanisms mediating metabolic changes. We also examined the effect of the duration of training on HDL metabolism. controlled diet controlled diet *Only one "control" subject continued after the first 32 weeks of the study.
Subjects and Methods General Protocol
All subjects remained physically inactive during the first controlled-diet period of 4 weeks when the baseline measurements were made ( Table 1) . Six subjects subsequently participated in 14 weeks of exercise training, while two subjects remained inactive. Between 12 and 14 weeks, HDL kinetic studies were repeated. The two "control" subjects then entered the exercise training protocol, and HDL kinetic studies were repeated after 12 weeks of exercise. Seven of the eight men next entered an extended training protocol of 32-48 weeks, and HDL kinetic studies were again performed under controlled-diet conditions.
Study Subjects
Written, informed consent was obtained from the eight men, aged 32 + 7 years (mean + SD), who were paid for their participation. Subjects had routinely engaged in vigorous physical activity once each week or less. Subjects weighed less than 120% of the median "ideal" body weight for large frame individuals,4 were free of known diseases, and did not use tobacco. Their serum low-density lipoprotein (LDL) cholesterol and triglyceride concentrations were between the 5th and 95th percentiles as defined by the Lipid Research Clinics Prevalence Study for men of similar age,5 and their initial HDL cholesterol concentrations were at or below the Lipid Research Council's mean value of 45 mg/dl.5 Potassium iodide (300-900 mg/day) was administered for 3 days before, during, and for 2 weeks after the HDL kinetic studies to minimize thyroidal uptake of radioactive iodine. Ferrous sulfate was administered during each diet period. One subject used ibuprofen (50 mg/day) during the study because of patellar tendonitis caused by stationary cycling. Subjects refrained from alcohol for 2 weeks before and throughout the controlled-diet periods. During the rest of the study, they consumed two or fewer alcoholic drinks each week and adjusted food intake to maintain the body weight recorded at the end of the first diet period.
Diet
Subjects were maintained on defined diets for 2 weeks before and for the duration of the HDL kinetic studies. Breakfast and dinner were served in a metabolic kitchen, and lunch and snacks were provided in the morning for consumption during the day. Adherence to the diets was essentially complete as assessed by direct questioning and anonymous questionnaires administered at the end of the protocols.
A basic diet of 2,440 kcal was composed of conventional foods and was provided to all study subjects. This diet contained 15% protein, 56% carbohydrate, and 28% fat. Saturated, monounsaturated, and polyunsaturated fats accounted for 10%, 13%, and 5% of total calories, respectively. Cholesterol content was 370 mg/day before training and 460 mg/day during both post-training diets. Supplements to the basic diet were used to maintain individual body weights. The supplements were specially formulated muffins whose composition of protein, fat, and carbohydrate was identical to that of the basic diet. After the baseline measurements, the basic diet was increased to 3,100 kcal/day to cover the energy cost of the exercise. The overall dietary composition was kept constant, and supplemental muffins were again added as needed to maintain body weight. Caloric distribution was determined with a computer program (Practocare, San Diego, California) and confirmed to ±3% of total calories by chemical analysis (Tech S, National Food Laboratory, Washington, DC). We have previously tested this diet in exercise-trained subjects and have shown that stable lipid and lipoprotein concentrations are achieved after 14 days.6
Exercise Training
Supervised exercise training on bicycle ergometers was performed five times each week during the first 14 weeks of training and four times each week thereafter. Subjects exercised for 1 hour at or above 80% of their previously determined maximum heart rate. They were required to attend or make up all exercise sessions. Two weeks before the HDL kinetic studies, the energy expenditure for a typical training session was determined by direct measurement of oxygen consumption. This amount of exercise was kept constant during the ensuing 4 weeks while subjects consumed the defined diets. Control subjects visited the laboratory five times each week for body weight determination.
Measurements
Venous blood samples were obtained on days 1, 8, and 15-28 of the dietary periods. Subjects were 16.6±6.9 -1.1 ± 1.9 -0.4±1.9 All values are mean ± SD. n = 8 for 14 weeks of exercise training; n = 7 for 32-48 weeks of exercise training. VO2max, maximum oxygen uptake. *Based on thickness of the chest, abdomen, thigh, triceps, subscapular, and suprailiac skinfolds.
tp<0.005 compared with initial value by two-tailed t tests. seated during phlebotomy and had not eaten or exercised during the preceding 10 hours. Serum was separated from blood within 1 hour of phlebotomy and stored at -70°C. Cholesterol7 and triglycerides8 were assayed with enzymatic methods. HDL cholesterol was estimated after precipitation of lowerdensity lipoproteins with heparin-MnCl2.9 Apolipoprotein (apo) A-I'0 and A-1Il" were determined with double antibody radioimmunoassays. Purified apoproteins were used as standards and the interassay coefficients of variation for apo A-I and A-II assays were 3% and 7.5%, respectively. Interassay variation was avoided by analyzing all samples from individual subjects in a single autoanalyzer run at the end of the study. LDL cholesterol was calculated with the formula of Friedewald et al.'2 The cholesterol, apo A-I, and apo A-II content of HDL2 (1.063-1.125 g/ml) and HDL3 (1.125-1.21 g/ml) were measured on diet days 1, 15, and 28.'3 Lipoprotein lipase and hepatic triglyceride hydrolase activities were quantified on diet day 28 in plasma obtained 10 minutes after the intravenous injection of heparin (75 IU/kg body wt). 13 Studies of HDL apolipoprotein kinetics were performed during diet days [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Serum was obtained from fasting subjects 1 week before tracer administration. HDLs were isolated by sequential preparative ultracentrifugation (d= 1.080-1.21 g/ml) and were recentrifuged once at the higher density. After dialysis against 0.15 M NaCI, the HDLs were radioiodinated with the iodine monochloride technique,3 diluted in autologous lipoprotein-free serum and sterilized by passage through a 0.2-,um filter. Fasting study subjects were administered 45-50 ,uCi ['25I]HDL. Subsequent blood samples were drawn after 10 minutes, 1 hour, 8-10 hours, and daily for the next 13 days. Plasma volume was calculated from the isotopic dilution in the 10-minute (zero time) serum sample. The plasma radioactivity die-away curve in each case was biexponential and was analyzed as suggested by Matthews.'4 The slopes and the intercepts were calculated by computer methods with a curve-peeling program that uses modified least-squares analysis and a biexponential decay model. The distribution of HDL between the intravascular and extravascular compartments was computed from the slopes and inter-cepts of the two exponentials. Synthetic rates were calculated as the product of fractional catabolic rate and plasma apolipoprotein concentration. Radioactivity attributable to apo A-I and A-II was quantified by immunoprecipitation as previously described.3
Intravenous fat tolerance was measured in the fasting state on the first morning after the diet periods. A fat emulsion (Travamulsion 10%, 1 ml/kg body wt; Baxter-Travenol Laboratories, Deerfield, Illinois) was administered intravenously during a 1-minute period. Plasma triglyceride concentrations were measured every 5 minutes for the next 40 minutes. Preinfusion triglyceride concentrations were subtracted from the triglyceride values at subsequent time points. The resultant data were plotted semilogarithmically against time, and the disappearance rate constant (K2) was calculated. All curves obtained in this manner were linear. Assuming that hepatic secretion and peripheral clearance of very low-density lipoprotein was constant during the test, the slope of the triglyceride disappearance curve (K2) defines the clearance rate of the exogenous fat solution.
Maximal oxygen uptake (VO2max) was determined with an S3A oxygen analyzer (Sunnyvale, California), a Beckman CO2 analyzer (Fullerton, California), a Fleisch pneumotach (Hewlett-Packard, Waltham, Massachusetts) connected to a Validyne pressure transducer amplifying and integrating unit (Northridge, California), and a bicycle ergometer test protocol. Subjects were acclimated to the procedures before formal testing by exercising with measurement equipment in place for two 20-minute sessions. VO2max determinations were performed on 2 separate days both before and after training. The higher value in each test pair was used in data analysis.
Body weight was measured daily during the controlled diets, and the average value during the last 2 weeks was used in data analysis. Percent body fat was estimated from skinfold measurements of the chest, abdomen, and thigh obtained during the last week of the diets. 15 
Data Analysis
Subjects' average lipid values from the last 14 days of each diet period were used in the data analysis. Changes from baseline after 14 (n = 8) and 32-48 weeks (n =7) of exercise training were analyzed with the t test for correlated samples. 16 Because comparisons were made for changes in each variable after both 14 weeks and 32 or more weeks of training, Bonferroni's correction for multiple t tests17 was used, and changes were considered statistically significant if p<0.025. The relation between selected variables was evaluated with Spearman's rank correlation coefficients,17 and correlations with p<0.05 were considered significant. Because of the small number of study subjects, however, p values that approached significance are presented in the text. The effect of the dietary control periods on serum lipids before and after training was evaluated with a repeated measures analysis of variance (ANOVA) and Tukey's honestly significant dilference test. 16 Values for the two control subjects were not statistically analyzed.
Results

Exercise Performance and Body Weight
Maximal oxygen uptake (Vo2nax) was 26 ± 7% (mean + SD) above baseline after 14 weeks, and there was little added increment after 32-48 weeks of exercise (p<0.001 for both). Body weight and estimated percent body fat did not change in the training subjects (Table 2 ). In contrast, VO2max was constant in the control subjects (30.8 ± 4.1 vs. 30 + 5.8 ml/kg/min), and they gained 1.6 and 4.3 kg body weight during the control period. Caloric Expenditure and Intake
The measured caloric expenditure of a single exercise session was 585 + 121 kcal at 14 weeks and 599 + 140 kcal at 32-48 weeks of training. This represents an average of an additional 418 and 342 kcal/day at each time point because subjects exercised five times each week during the first 3 months and four times each week thereafter. Dietary intake in the exercise subjects averaged 3,183 ± 409 kcal/ day before training and was 404 ± 369 and 310 ± 264 kcal/day higher during the first and second posttraining dietary periods. These values agree with the energy output estimated by oxygen consumption and suggest that the measured exercise session represented a typical training workout. Caloric intake in the control subjects remained constant at 3,100 ± 641 and 3,025 ± 552 kcal/day during the two control diet periods.
High-Density Lipoprotein Concentrations
HDL cholesterol concentrations increased 5±3 mg/dl (p<0.005) after 14 weeks of exercise training but did not increase further when training was continued for 32-48 weeks (5±3 mg/dl, p<0.01) ( Table 3 ). Approximately half of the initial increase was in the HDL2 fraction (2 ± 3 mg/dl, p = 0.05), and half was in the HDL3 subfraction (3±3 mg/dl, p=0.03). Only small changes in HDL apolipoprotein levels were observed. HDL3 cholesterol increased 5±2 mg/dl in the control subjects after the 14-week control period. In contrast, total HDL cholesterol concentrations were stable in the control men (41 ± 5 and 42 + 5 mg/dl, before and after), and HDL2 cholesterol fell from 13 ± 4 to 9 ± 3 mg/dl.
Other Serum Lipids, Lipase Activity, and Fat Tolerance
Triglyceride concentrations were 19±23 mg/dl (p<0.025) below baseline after 14 weeks and did not fall further with prolonged training. There were *p<0.025, tp = 0.031, tp = 0.027 compared with the initial value by two-tailed paired t tests. no changes in total cholesterol or estimated LDL cholesterol. K2, the rate of clearance of an intravenous fat emulsion, increased during the study and was 24 + 24% higher at 14 weeks and 49+18% (p<O.005) above pretraining values after 32-48 weeks of exercise. In the control subjects, K2 increased only 2 3%, and triglyceride concentrations decreased 7 ± 11 mg/dl. Postheparin lipoprotein lipase activity increased 22±21% (p<0.025) after 14 weeks and showed no additional change after 32-48 weeks of exercise (Table 3 ). In contrast, hepatic triglyceride lipase activity was lower at each training measurement. Lipoprotein lipase activity in control subjects decreased 3 ± 33%, whereas hepatic triglyceride lipase activity increased 8 ± 6%. Both of these changes were directionally opposite to those in the exercise-trained men.
High-Density Lipoprotein Kinetic Study
Plasma volume, calculated from isotope dilution 10 minutes after injection, increased 8 + 7% after 14 weeks with no further change after 32-48 weeks of exercise training (p<0.025 for both) ( Table 4 ).
Kinetic variables for apo A-I and A-Il were nearly identical before training, and their changes were parallel. There were no differences relative to baseline at 14 weeks; after 32 weeks, the fractional catabolic rate was nonsignificantly less and biological half-lives nonsignificantly longer for both apolipoproteins. There was no consistent change in the calculated synthetic rates (Table 4) .
Changes in the two control subjects were smaller. Plasma volume increased 192 + 173 ml (6.4 + 6.1%). The fractional catabolic rate for apo A-I and A-Il increased slightly (4.9 4.7% and 5.2 7.4%, respec- tively), which was due almost entirely to increases in one subject. Half-lives for both apo A-I and A-Il, however, did not change and were only 1.8±4% above and 1 ± 16.4% below initial values. Synthetic rates for apo A-I and A-Il increased 10.5 ± 13.4% and 13.9 ± 11.8%, again due almost entirely to 20%
and 22% increases in one individual.
Lipid and Lipoprotein Changes Adjusted for Plasma Volume
The change in serum lipids, lipoproteins, and postheparin lipase activities were reexamined after adjusting the post-training values for the individual percent change in plasma volume ( Table 5 ). Because plasma volume increased in all but one subject at each post-training measurement, this adjustment magnified the increases in HDL cholesterol concentrations and lipoprotein lipase activity but diminished the apparent reductions in triglycerides and hepatic triglyceride lipase activity. Decreases in hepatic triglyceride lipase activity and in triglyceride concentration were no longer statistically significant after plasma volume was considered.
Correlations Between Selected Variables
Initial HDL cholesterol and apolipoprotein concentrations were in general directly correlated to the half-lives and synthetic rates of both apolipoproteins (Table 6 ). There were no important correlations between initial HDL cholesterol or apo A-I and lipase activity or K2 (r,0.57), although an inverse relation between HDL cholesterol and triglyceride concentrations approached significance (r= -0.67, p =0.07).
Changes in HDL cholesterol concentrations were not related to initial HDL concentrations, initial Vo2max values, energy expended during exercise, or the change in Vo2max (r.0.38). Changes in HDL cholesterol were also not related to changes in variables of HDL metabolism, lipase values, or fat tolerance at any post-training measurement.
Effect of Controlled Diet on Serum Lipids
Defined diets were used to eliminate individual variations in dietary intake and to enhance the chance of observing an exercise effect. Nevertheless, changes observed could have resulted from an interaction of exercise and the diet rather than from exercise alone. Total, LDL, and HDL cholesterol, as well as the HDL subfractions and apolipopro-teins, decreased during each controlled-diet period ( Table 7) . Similar results occurred in the two control subjects. ANOVA indicated that the dietary response was not statistically different for total and LDL cholesterol and the HDL2 subfraction at the baseline and post-training measurements. Only minor differences distinguished the response for the other lipid variables. Triglycerides demonstrated an apparent interactive effect in that the increase in triglyceride concentration was less when the same diet was provided after 32 or more weeks of exercise training (Figure 1 ). The diet control periods did not reduce variances, and consequently, the intersubject variability of a single lipid sample remained similar. Of note, a significant increase in HDL cholesterol concentration after 14 weeks of training was apparent only during the controlled-diet period and not before the controlled diet. Significant increases in HDL cholesterol concentrations were noted on day 1 after 32-48 weeks of training, however, demonstrating that dietary control was not required to detect the increase in HDL after more prolonged training.
Discussion
We observed a 13% average increase in HDL cholesterol levels after previously sedentary men engaged in regular endurance exercise. This relative increment, while modest, is similar to some' [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and greater than most previously reported training studies.21-32 Only Sutherland and Woodhouse33 observed a larger increase (14 mg/dl or 29%) in 21 runners during 4 months of marathon training. We pushed our study participants to the subjective limits of their training capacity, and they averaged 4 or more hours of intense exercise each week. Nevertheless, the 5 mg/dl increase in their HDL cholesterol levels is considerably less than the 10-20 mg/dl difference that distinguishes elite endurance athletes from sedentary men. -3 Thus, available evidence indicates that changes in HDL levels will be only moderate when most sedentary men engage in endurance exercise. Large changes will likely be observed only in the minority with capacity for prolonged and intense training. The year-long training study of Williams et a134 demonstrated a relation between HDL-cholesterol increases and miles run but an average increase in HDL cholesterol of only 1.8 + 8 mg/dl for the entire training group.25 HDL, high-density lipoprotein; LDL, low-density lipoprotein. *Significantly different from Day 1 (p<0.05); tsignificantly different from corresponding pretraining value (p<0.05); tANOVA indicated that the response to the diet before, at 14 weeks after, and .32 weeks after did not differ. Consequently, for these variables, differences from Day 1 were analyzed with the three periods (Before, 14 weeks, .32 weeks) combined, which is indicated by the bracket.
Some investigators have postulated that the weight loss associated with exercise training produces the increase in HDL cholesterol. 35 Sopko et a122 compared the effects on HDL levels of weight loss achieved by either diet or exercise with the effects of exercise training at a stable body weight. After 12 weeks, HDL cholesterol increased only 2.4%, 2.4%, and 5.5% or 1-2 mg/dl in the exercise, weight loss, and combined exercise and weight loss groups, respectively. Both exercise-trained groups expended an additional 3,500 kcal/week in treadmill walking, and each weight-loss group lost 6.1 kg. These investigators concluded that exercise and weight loss had independent and yet additive effects on HDL cholesterol, but absolute changes were meager at best. In the present study, we observed a 13% average increase in HDL cholesterol despite the absence ofweight loss. To determine whether weight loss could augment-HDL changes, two of our subjects continued training for 8 additional weeks, and they reduced their caloric intake. These subjects lost 7.8 and 9.1 kg, but their average HDL cholesterol concentrations were stable (-1 and + 2 mg/dl, respectively).
Three earlier studies evaluated the effect of exercise training on apolipoprotein concentrations. 18, 21, 32 In two, a 6-8% increase in HDL cholesterol was accompanied by an 8-10% increase in apo A-I after Figure 2 ). These changes, however, did not reach / fi; ' statistical significance, although five of seven sub-sD z 2 O/Ojects had lower fractional catabolic rates with reduc-
25-
tions ranging from 8% to 25% for apo A-I and from 20 25 30 1% to 30% for apo A-II. One subject showed no values during the change, and in another subject, the fractional catad after 14 (a) or .32
bolic rate was 14% higher at both 14 weeks and 1 ters above a before year. tersom the 14-week (a),
The increase in calculated apo A-I synthetic rate ing values (p<0.05) at 14 weeks approached significance (Table 4) , and stly significant differ-increases were observed in six of seven subjects.
Synthetic rate is calculated as the product of plasma apolipoprotein concentration x plasma volume x fractional catabolic rate. The change in apo A-I synactivity. 21, 32 The thetic rate between baseline and 14 weeks was change in apo A-I highly correlated with the change in plasma volume a 14% increase in (r=0.89, p<0.01), suggesting that the increase in ,of exercise trainfractional catabolic rate was due in part to the J in apo A-I con-well-known36 expansion of plasma volume with nsistent (Table 3) . exercise training. Apo A-I concentration was also igher-than-average higher at 14 weeks. After 32 weeks, however, trained endurance average apo A-I levels did not dilfer from baseline tat the amount and and were lower than baseline in five of seven n the present study subjects. Fractional catabolic rate was also lower at ges typical of self-this point, and apo A-I synthetic rates did not differ ;er typically expend from baseline despite the persistently higher plasma aining for years,1 volume. These observations suggest that the metased only an addi-bolic changes that occur early in training are dif-Lg the study. ferent from those that occur with continued endur-)L metabolism in ance exercise. ntary controls and
The most impressive changes consequent to exertabolic rates were cise training occurred in indexes of triglyceride-rich Apo A- (Table 3) , and triglyceride increases on the controlled diet were blunted by exercise training (Table 7 and Figure 1 ). There was a 19% increase in postheparin lipoprotein lipase activity after 14 weeks of training but no further change after 32 or more weeks. Capacity to clear intravenous fat (K2), however, was 24% higher at 14 weeks and 49% higher after 32 weeks. It is tempting to postulate that these changes contributed to both the modest prolongation of HDL apolipoprotein survival and the small increase in HDL2 cholesterol. According to one model for HDL metabolism, lipids and proteins are transferred to HDL during lipoprotein lipase-induced hydrolysis of triglyceriderich lipoproteins.37,38 This may result in the transformation of HDL3 to HDL2.39 Lipid enrichment of HDL, moreover, may retard degradation of HDL proteins.3
The decrease in triglyceride levels may have increased HDL cholesterol concentrations by limiting the availability of triglycerides to replace cholesteryl esters in the HDL core. Such an exchange, however, may also affect apolipoprotein survival by rendering HDL a poorer substrate for triglyceride hydrolases. 40 The present results have implications concerning the clinical use of exercise to modify lipoprotein levels. It appears that exercise training produces little change in total and LDL cholesterol concentrations,41 and the slightly lower LDL values occasionally observed after training may be due to an expansion of plasma volume.42,43 Lower triglyceride levels during the controlled diet and earlier studies of endurance athletes provided high carbohydrate diets44 suggest that exercise may ameliorate both the increase in triglycerides and the decrease in HDL cholesterol produced by a decrease in dietary fat. Consequently, exercise training may prove useful in combination with carbohydrateenriched, fat-restricted diets. The minimum amount of exercise needed to induce this effect is not known, and few patients with chronic illness could tolerate the amount of training performed by our subjects. Nevertheless, even the modest 5 mg/dl increase in HDL shown in the present study could theoretically confer a 10-20% reduction in coronary heart disease risk.45 It is unclear, however, whether this benefit requires changes in apolipoprotein A levels and whether the metabolic mechanism for the increase in HDL levels also influences heart disease risk.
In summary, we have shown that exercise training of sedentary men results in changes in HDL and triglyceride-rich lipoprotein metabolism that are qualitatively similar to those observed in elite endurance athletes. The changes, however, were small, and experience with a larger number of sedentary individuals will be required before these results can be generalized.
